The Al-induced release of organic acid has been suggested as an important mechanism for Al resistance in plants. In this study, the effect of K-252a and abscisic acid (ABA) on the ef¯ux of citrate was investigated in soybean (Glycine max L.) roots. Al initiated citrate ef¯ux from the root apices 30 min after the addition of Al. The Al-triggered ef¯ux of citrate was sensitive to metabolic inhibitors and anion channel inhibitors. Pretreatment or treatment with K-252a, an inhibitor of protein kinase, severely inhibited the Alinduced ef¯ux of citrate accompanying an increase in Al accumulation and intensi®ed Al-induced root growth inhibition. Al-treatment increased the endogenous level of abscisic acid (ABA) in soybean roots in a dose-and time-dependent manner, while K-252a failed to inhibit the Al-induced increase in endogenous ABA. Exogenous application of ABA increased the activity of citrate synthase (EC 4.1.3.7) by 26.2%, and decreased Al accumulation by 32.3%, respectively. ABA-induced increases in citrate ef¯ux and root elongation were suppressed by K-252a, while ABA could not reverse the K-252a effects. Taken together, these results suggest that ABA is probably involved in the early response, after which K-252a-sensitive protein kinases play a key step in regulating the activity of an anion channel, through which citrate is released from the apical cells of soybean roots.
Introduction
Exclusion of organic-acid anions from the seedling roots is believed to be an important Al-exclusion mechanism. Many plant species have been identi®ed that release organic acids in response to Al stress, such as malate in wheat (Ryan et al., 1995) , oxalate in buckwheat and taro (Ma et al., 1997; Ma and Miyasaka, 1998) , and citrate in snapbean, soybean (Glycine max L.), Cassia tora, and Triticale (Ma et al., 1997; Li et al., 2000; Yang et al., 2001) . Bioassay of the toxicity of different Al-citrate complexes indicated that the Al-citrate 1:1 complex is not phytotoxic and its transport through the plasmalemma seems to be very slow (Kochian, 1995) . Therefore, the Alresponsible citrate ef¯ux could ameliorate Al toxicity effectively.
In soybean, Al could induce the ef¯ux of a large amount of citrate from Al-resistant roots. The activity of enzymes related to the synthesis and metabolism of citrate did not change greatly in response to Al stress suggesting that the synthesis of citrate in root tissue is not the key step in the Al-induced ef¯ux of citrate (Yang et al., 2001) . Recently, the activation of anion channels on the plasma membrane by Al has been found to function as a rate-limiting step, and the activity or open probability of anion channels on the plasma membrane in root apical cells mediates the Alresponsive ef¯ux of organic acid anions (Ryan et al., 1997; Pin Äeros and Kochian, 2001; Zhang et al., 2001) . In wheat, protein phosphorylation is involved in the Al-responsive ef¯ux of malate (Osawa and Matsumoto, 2001 ). These observations imply that some protein kinases that are responsible for the anion channel activity mediate citrate ef¯ux in response to Al stress. However, whether such kinases exist in soybean remains unknown.
The plant hormone ABA plays important roles in responding and adapting to environmental stresses by altering plant cellular metabolism and invoking various defence mechanisms (Schroeder et al., 2001) . Matsumoto et al. (1996) speculated that the transduction of the Al signal in barley roots is related to an increase in ABA since Al treatment increases ABA levels in barley roots. The exogenous application of ABA increased both ATPdependent and PPi-dependent H + -pumping activities, and these increases, caused by Al stress, could result from increased levels of ABA (Kasai et al., 1993) . In arabidopsis, ABA could activate an open stomata1 protein kinase, which mediates the interaction between ABA perception and reactive oxygen species production (Mustilli et al., 2002) . In guard cells, cADP-Rib, phospholipase C, phospholipase D, and changes in cytosolic Ca 2+ concentration have been identi®ed as signalling molecules in the ABA signal transduction pathway leading to the stomatal aperture (Wu et al., 1997; Staxen et al., 1999) . If ABA is involved in the Al signal transmitting the Al-induced ef¯ux of citrate ef¯ux from soybean roots, treatment with exogenous ABA would in¯uence the citrate ef¯ux in response to Al stress. Moreover, an ABA signal-transmitting pathway should exist.
In the present study the Al-induced ef¯ux of citrate from the root apices of soybean seedlings was investigated using various ion channel modulators and phytohormones. The results in this study indicated that the Al-induced citrate ef¯ux from soybean roots is associated with K-252a-sensitive protein phosphorylation, and that ABA is involved in the early responses of Al signal transduction in the Al-induced ef¯ux of citrate from soybean seedlings.
Materials and methods
Reagents ABA, TEA (tetraethylammonium chloride), and verapamil (soluble in ethanol) were purchased from Wako Chemical (Osaka). K-252a, ni¯umic acid (NIF), staurosporine (soluble in dimethylsulphoxide), and anthracene-9-carboxylic acid (A9C) (soluble in ethanol) were obtained from Sigma-Aldrich. Phenylglyoxal (PG) (soluble in distilled water) was purchased from Katayama Chemical, Japan. KCN, 2,4-dichlorophenoxy acetate (DCPA) (soluble in distilled water), and 2,4-dinitrophenol (DNP) (soluble in ethanol) were obtained from Wako Chemical (Osaka). All these reagents were prepared as a 1 mM stock solution before use. All other reagents used were of the highest purity obtainable.
Plant material and seedling growth Seeds of Glycine max were gently ground with sea sand (20±30 mesh) for 10 s to facilitate germination. Pretreated seeds were soaked in a solution containing 0.5 mM CaCl 2 for 1 h and then germinated in peat moss mixed with sand quartz for 3 d at 25°C. After germination, the seedlings were transferred to nutrient solution in 2.0 l plastic pots containing (mM) Analysis of citrate ef¯ux from root apices and intact roots Citrate ef¯ux from 5 mm root apices was analysed enzymatically by the method of Delhaize et al. (1993) with minor modi®cations. Brie¯y, 30 root apices were transferred into a 3.5 cm Petri dish, washed for 2 h with 0.2 mM CaCl 2 solution (pH 4.2). After applying the test solution, the Petri dishes were placed on a reciprocal shaker at 80 rpm. The solution was then collected for citrate analysis. Two ml of the sample solution was incubated in the solution consisting of 95 ml of buffer (1 M TRIS-HCl, pH 7.8), 12 ml of 10 mM NADH, and 4 ml of a lactate dehydrogenase (LDH)/malate dehydrogenase (MDH) mixture. After a stable A 340 -reading was obtained, 4 ml of citrate lyase was added and the decline in A 340 was recorded. The decrease in NADH concentration was directly proportional to the amount of citric acid in the sample. Aluminium in the sample solution did not interfere with the assay for citrate because the exact amount of citrate could be detected when standard citrate was added regardless of the presence of Al. Reagents as indicated were added to the root-apex incubation medium for 30 min. Root apices were then rinsed three times with 0.2 mM CaCl 2 solution to remove excess modulators and exposed to 0.2 mM CaCl 2 solution containing 200 mM Al for 120 min. K + ef¯ux from root apices was determined by graphite furnace atomic absorption spectrophotometry (Z-8270; Hitachi, Tokyo, Japan).
Citrate ef¯ux from intact roots was measured according to the method of Yang et al. (2001) . After incubation in nutrient solution for 8 d, the seedling roots were exposed to 0.5 mM CaCl 2 solution overnight for acclimatization and then transferred to different treatments. After treatment, the solution was collected and passed through a cation exchange column (16Q14 mm) ®lled with 4 g of Amberlite IR-120B resin (H + form), followed by an anion-exchange column (16Q14 mm) ®lled with 2 g of Dowex 1Q8 resin (100±200 mesh, formate form) in a cold room. Citrate retained on anion exchange resin were eluted by 1 M of HCl, and the eluate was concentrated to dryness by a rotatory evaporator (40°C). After the residue was redissolved in deionized water, the concentration of citrate was analysed by high-performance liquid chromatography (HPLC, LC-10A, Shimadzu, Kyoto, Japan).
Analysis of Al content
After treatments, the seedling roots were washed three times with deionized water. Excised 5 mm root apices were transferred to 1.5 ml Eppendorf cups containing 2 N HCl for 48 h. The Al content in the HCl solution was measured by graphite furnace atomic absorption spectrophotometry (Z-8270; Hitachi, Tokyo, Japan).
Analysis of citrate content and the activity of citrate synthase Citrate content in root apices was determined by capillary electrophoresis with a PACE 5510 system (Beckman Instruments, Fullerton, CA) equipped with UV detector (254 nm) as follows: After treatment, 50 root apices (5 mm long) were excised and placed in an 80% (v/v) ethanol solution in a microcentrifuge tube, and boiled for 5 min at 80°C. The root apices were ground using a microhomogenizer (model NS-310E, Tokyo), and centrifuged for 5 min at 10 000 g. After collecting the supernatant, the pellet was reextracted twice by the same procedure. The supernatants of three replicates were mixed, freeze-dried to remove excess reagent, and reconstituted in 100 ml of ultra pure water. Reconstituted samples were ®ltered on 0.45 mm sterilized ®lters (Millipore, Tokyo), and used for analysis of citrate content. For the enzyme assay, 20 root apices (5 mm) were excised and transferred to 1.5 ml microcentrifuge tube containing 0.5 ml cold 50 mM HEPES-NaOH buffer (pH 7.5) with the following components: 5 mM MgCl 2 , 5 mM EDTA, 10% (v/v) glycerol, and 0.1% (v/v) Triton X-100. After homogenizing, the homogenate was centrifuged at 10 000 g for 5 min, and the supernatant was used for enzyme assay. Citrate synthase was assayed spectrophotometrically according to Johnson et al. (1994) by monitoring the reduction of actyl-S-CoA in the presence of 5,5¢-bisthiol(2-nitrobenzoic acid) at 412 nm for 3 min. Protein was quanti®ed colorimetrically according to Bradford (1976) .
ABA analysis
After treatment, root tissues were cut, weighed, and immediately placed in liquid nitrogen then stored at ±80°C until extraction. Freeze-dried tissue samples were weighed, homogenized, and extracted with homogenization buffer [80% (v/v) aqueous methanol+10 mg l ±1 butylated hydroxytoluene]. To avoid non-physiological increases in xanthoxal levels through the breakdown of carotenoids and to minimize isomerization and degradation of xanthoxal and ABA, the extracts were passed through a C 18 -reversed phase prepacked column immediately under dim light conditions at 4°C. The methanol solution was dried under reduced pressure and the aqueous residue partitioned three times against ethyl acetate at pH 2.5. Ethyl acetate in the combined organic fractions was evaporated to dryness under a N 2 stream and the residue was dissolved in 0.5 ml of TBS-buffer (TRIS-buffered saline: 150 mM NaCl, 1 mM MgCl 2 , and 50 mM TRIS; pH 7.5) for an immunological ABA assay (ELISA) as described by Mertens et al. (1983) .
Results
Al-induced ef¯ux of citrate Ef¯ux of citrate from the intact roots of soybean seedlings was induced by Al in a dose-dependent manner (Yang et al., 2001) . The preliminary results from this study using root apices showed that citrate ef¯ux increased with increasing Al levels, and this ef¯ux was induced by Al primarily at the terminal root tips (data not shown). To elucidate the regulatory mechanism for Al-induced ef¯ux of citrate, the time for the initiation of citrate ef¯ux was examined after exposure to Al stress (Fig. 1) . The citrate ef¯ux was initiated 30 min after the addition of Al, and the ef¯ux rate reached a maximum level at 180 min after Al treatment, then remained stable. To examine whether Al is required for citrate ef¯ux after the initiation of citrate ef¯ux, Al was withdrawn from the medium. The citrate ef¯ux declined quickly (Fig. 1) . This suggested that Al contact was required for citrate ef¯ux. Al-induced ef¯ux of citrate from soybean roots ceased at 4°C (data not shown). Metabolic inhibitors (KCN, DNP, DCPA) severely suppressed the Al-induced citrate ef¯ux in both Al-sensitive and Al-resistant soybean cultivars (Fig. 2) . Liu and Luan (2001) reported that Al could enter plant cells through a Ca 2+ channel-like pathway. The effects of two antagonists of a cation channel-like pathway (verapamil and TEA) on the ef¯ux of citrate remain to be identi®ed. The results from Table 1 indicated that verapamil and TEA failed to induce citrate ef¯ux in the presence or absence of Al. Anion-channel inhibitors (NIF, A9C and PG at 20 mM, respectively) decreased the Alinduced citrate ef¯ux by 29±55%. The order of effectiveness of these inhibitors was ni¯umic acid>PG>A9C (Table 1) . These results suggested that Al-induced ef¯ux of citrate was via an anion channel and independent of the cation channels on the plasma membrane.
In these preliminary experiments ATP-binding cassette inhibitors (diphenylamine-2-carboxylic acid and glibenclamide), protein phosphatase inhibitors (cyclosporin A, okadaic acid, and U73343), and G protein modulators (PD98059 and Mastoparan) were also examined for their effects on the Al-induced ef¯ux of citrate. These modulators had no effects or only slightly in¯uenced the Alinduced ef¯ux of citrate (data not shown). Among the modulators tested here, K-252a, a broad-range inhibitor of protein kinases, was the most effective and strongly suppressed the Al-induced ef¯ux of citrate (Table 1) . Pretreatment with K-252a for 30 min or the addition of K252a after 2 h Al treatment blocked the Al-induced ef¯ux of citrate almost completely. Treatment with Al plus K252a could not induce any citrate ef¯ux ( Fig. 3; Table 1 ). These results indicated that K252a-sensitive protein kinases probably played an important role in modulating the Al-induced ef¯ux of citrate. Moreover, pretreatment with K-252a increased the Al content in the root apices of cv. Suzunari, and this increase was in a concentrationdependent manner (Fig. 4A) .
To investigate the role of citrate ef¯ux in ameliorating Al-inhibition of root elongation, Suzunari intact roots were pretreated with K-252a and then exposed to Al treatment. In the absence of Al, pretreatment with 5 mM K-252a did not affect root elongation. While in the presence of 20 or 40 mM Al, K-252a intensi®ed the inhibition of root elongation by Al (Fig. 4B) . Staurosporine has previously been demonstrated to be an effective inhibitor of protein kinases in disassembling the actin network in soybean cells (Chandra and Low, 1995) . However, staurosporine inhibited the Al-induced ef¯ux of citrate only slightly, even at 50 mM, and did not enhance either Al accumulation or Al-induced inhibition of root elongation (data not shown).
Endogenous ABA Al treatment increased the endogenous level of abscisic acid (ABA) in soybean roots, and this increase was dependent on the time and concentration of Al treatment (Fig. 5A) . Interestingly, endogenous ABA increased rapidly in the ®rst 2 h after the addition of Al, then became stable in response to Al. Furthermore, endogenous ABA hardly changed when Al levels exceeded 25 mM (Fig. 5B) . A larger Al-responsive increase of endogenous ABA was observed in Al-sensitive cv. Shishio than in Alresistant cv. Suzunari. Pretreatment with K-252a failed to inhibit an increase in endogenous ABA triggered by Al in both Al-resistant and Al-sensitive cultivars (Fig. 5C ).
ABA and K-252a effects
Since Al treatment could increase the level of endogenous ABA, the possible role of elevated endogenous ABA was examined. In addition, the effects of many other phytohormone molecules on the Al-induced ef¯ux of citrate were also investigated, which included gibberellin, indoleacetic acid, jasmonic acid, kinetin, and salicylic acid on the Al-induced ef¯ux of citrate. However, only ABA affected the citrate ef¯ux, and the other hormone molecules just slightly in¯uenced or had no effect on the citrate ef¯ux in the presence or absence of Al (data not shown). Exogenous application of 5 mM ABA enhanced the Al-induced ef¯ux of citrate from the root apices of cv. Suzunari seedlings by 42.7% (Fig. 6A) . The corresponding value from the intact roots was 59.4% (Table 2) . However, 50 mM ABA decreased the Al-induced ef¯ux of citrate by 36.3% (Fig. 6A) . ABA slightly increased K + ef¯ux in comparison to Al treatment. Similar effects of ABA on citrate and K + ef¯ux were observed in Fig. 6 . Citrate content, activity of citrate synthase, and Al content in the 5 mm root apices of soybean seedlings were further investigated in response to ABA and K-252a treatments. Exogenous application of 5 mM ABA increased Al-induced citrate synthase activity by 26.2% (Fig. 7A) . Al treatment decreased the citrate content in the terminal 5 mm apices by 22.5%, while ABA treatments could compensate for Al effects (Fig. 7B) . Exogenous application of ABA decreased Al content by 32.3% (Fig. 7C ). K252a had no effects on both citrate synthase activity and citrate content (Fig. 7A, B) . . Effects of ABA and K-252a on the activity of citrate synthase (A), citrate content (B), and Al content (C) in the root apices of Suzunari seedlings. For ABA treatment, the seedling roots were treated with 5 mM ABA or 5 mM ABA plus 40 mM Al for 6 h. For K252a treatment, the seedling roots were pretreated with 5 mM K-252a for 30 min, and then exposed to 0 or 40 mM Al for 6 h. Citrate synthase, citrate content, and Al content in 5 mm root apices were determined, respectively. Values are means TSE (n=3). Different letters indicate signi®cant difference at 0.05 level, according to Duncan's multiple range test.
ABA increased the Al-induced ef¯ux of citrate, while K-252a suppressed the citrate ef¯ux dramatically, the relationship between ABA and K-252a in the process of Al-induced ef¯ux of citrate was studied in terms of citrate ef¯ux and root elongation (Table 2 ). It was observed that pretreatment with ABA increased citrate ef¯ux and root elongation in the presence of Al. While pretreatment with K-252a strongly blocked the Al-induced ef¯ux of citrate and intensi®ed the Al-induced inhibition of root elongation. Pretreatment or treatment with K-252a could abolish the effects of ABA on citrate ef¯ux and root elongation. Moreover, the K-252a-suppressed citrate ef¯ux and K252a-strengthened inhibition of root elongation by Al were not reversed by ABA treatment (Table 2) .
Discussion
Two patterns of Al-induced ef¯ux of organic acids have been identi®ed . In Pattern I, no discernible delay is observed between the addition of Al and the onset of organic acid ef¯ux. By contrast, in Pattern II, organic acid ef¯ux is delayed for several hours after exposure to Al. The ef¯ux of citrate from the root apices of soybean seedlings was induced 30 min after the addition of Al suggesting Pattern I in soybean (Fig. 1) . While a 4 h lag phase or induction period between Al addition and citrate ef¯ux existed using intact roots of soybean seedlings (Yang et al., 2001) . These results suggested that two Patterns probably existed simultaneously in the Al-induced ef¯ux of citrate from soybean roots. Short-term transcriptional and translational regulation of the Al-activated anion channel on the plasma membrane might be involved in the Al-induced ef¯ux of citrate in soybean roots Yang et al., 2001) . Co-ef¯ux of K + plays an important role in a charge-balance transport with citrate anions (Fig. 6A, B) . Verapamil, TEA, and lanthanides (La 3+ and Yb 3+ ) could not trigger the ef¯ux of citrate, and anion channel inhibitors (ni¯umic acid, PG, and A9C) signi®cantly blocked the Al-induced citrate ef¯ux ( Table 1 ), suggesting that citrate is released from soybean via an anion channel and speci®c to Al stress.
Al probably alters the gating behaviour of anion channels via a series of secondary signals such as transient increases in plant hormones, cytoplasmic Ca 2+ concentrations, or protein phosphorylation (Haug et al., 1994) . The Al-induced citrate ef¯ux ceased at low temperatures and was inhibited by metabolic inhibitors (Fig. 2) , indicating that energy-dependent activities are required for the Alinduced ef¯ux of citrate from soybean roots. In line with these results, Al-induced ef¯ux of malate from wheat and citrate from barley also showed the involvement of an energy-dependent process (Osawa and Matsumoto, 2001; Zhao et al., 2003) .
Several studies indicated that protein phosphorylation was involved in the process of mediating the activity of anion channels and the induction of Al-responsive ef¯ux of malate in wheat (Pei et al., 1997; Osawa and Matsumoto, 2001) . K-252a effectively blocked the Al-induced ef¯ux of citrate from root apices of soybean (Table 1; Fig. 3) . Furthermore, pretreatment with K-252a could promote Al content and intensify the Al-dependent inhibition of root elongation (Fig. 4) , indicating that some K-252a-sensitive protein kinases might be involved in a direct phosphorylation of an anion channel or phosphorylation of related protein(s), which regulates the activity of anion channels and, ®nally, leads to citrate ef¯ux. K-252a is an inhibitor of a broad range of protein kinases, though it remains speculative whether increased Al accumulation and inhibition of root elongation were due to the decrease of citrate ef¯ux or other Al exclusion mechanisms that are sensitive to K-252a, the results of this study provide one possibility that phosphorylation-dependent citrate ef¯ux is able to decrease the Al accumulation and to restrain Al-induced root growth inhibition.
ABA, known as a stress-inducible phytohormone, has been shown to enhance the adaptability of plants to various Table 2 . Effect of ABA and k-252a on the Al-induced citrate ef¯ux and inhibition of root elongation in Al-resistant soybean
The seedling roots were pretreated with 0.5 mM CaCl 2 containing 0 or 5 mM ABA, or 5 mM K-252a for 30 min, and then placed in 0. types of stress (Zeevaart and Creelman, 1988; Kasai et al., 1993) . The activation of ABA-responsive protein kinase (ABR* kinase) was dependent on the time and concentration of ABA (Mori et al., 2000) . Increased activity of ABR* kinase could enhance ABA signal transmission (Schmidt et al., 1995) , and this transmission could lead to protein phosphorylation (Pei et al., 1997; Osawa and Matsumoto, 2001 ) and regulate gene expression (Leung and Giraudat, 1998) . Al-induced increase in endogenous ABA (Fig. 5) and increased citrate ef¯ux due to exogenous ABA application ( Fig. 6A; Table 2 ) suggested that the Al signal might be mediated by the ABA signal transduction pathway, and the ABA signal transduction pathway was involved in the regulation of Al-induced ef¯ux of citrate in soybean roots. Al as an initial stimulus might switch on some molecular responses and require several endogenous signal components such as ABA, protein kinases or other phytohormones to transmit its signal. The application of exogenous ABA might amplify the Al signal and thus intensify the subsequent physiological responses, which ®nally results in citrate ef¯ux. Citrate synthase activity and citrate accumulation in root tips were reported to be associated with Al-induced citrate ef¯ux (Li et al., 2000; Yang et al., 2001) . ABA increased both citrate synthase activity and citrate content in the root apices, while K-252a could not (Fig. 7A, B) , suggesting that ABA rather than K-252a was involved in regulating the process of citrate production. In guard cells, ABA could activate a 48 kDa protein kinase (Mori and Muto, 1997) . In the present study, the mechanism by which ABA promoted the Al-induced ef¯ux of citrate remains unknown. However, it may be possible that ABA is be involved in the activation of several other downstream components in the ABA signal transduction pathway. These assumed components should mediate the ABA signal as well as modify the activity of anion channel for citrate ef¯ux. Pei et al. (1997) found that the ABA-induced activation of anion channels is under the control of K252a-sensitive protein kinases. In this study, K-252a strongly inhibited Al-induced ef¯ux of citrate ( Fig. 3 ; Table 1 ), but failed to block the Al-induced increase in endogenous ABA (Fig. 5C ). ABA-induced increases in citrate ef¯ux and root elongation were strongly suppressed by K-252a, while pretreatment or treatment with ABA could not reverse the inhibitory effect of K-252a on citrate ef¯ux and root elongation (Table 2) . Taken together, these results suggested that ABA was probably involved in the early response to the Al signal, after which, K-252a-sensitive protein kinases play a key step in regulating the activity of anion channels on the plasma membrane, through which citrate was released from the apical cells of soybean roots. The signal transduction pathway participating in anion channel activation, as well as the elucidation of additional physiological mechanisms conferring Al resistance are subjects for future research.
